Blood-derived monocytes and resident microglia can both give rise to macrophages in the central nervous system (CNS). In tissue sections, macrophages derived from these two distinct precursors are indistinguishable at the light microscopic level both morphologically and by surface markers. Using flow cytometry, microglia- and monocyte-derived macrophages can be isolated separately from CNS tissue lysates and expression profiling suggests distinct functional capacities ([@bib15]; [@bib8]; [@bib6]).

Microglia and monocytes are ontogenetically distinct: microglia derive from yolk-sac progenitors during embryogenesis ([@bib16]; [@bib37]), whereas monocytes continuously differentiate throughout postnatal life from bone marrow hematopoietic stem cells (HSCs), which require the transcription factor Myb. Microglial precursors are Myb independent, and microglia self-renew independently of bone marrow HSCs ([@bib17]). Distinct developmental origin and renewal mechanisms imply that monocyte-derived macrophages (MDMs) and microglia-derived macrophages (MiDMs) might exert different functions in pathological processes. Microglia represent one instance of tissue-resident macrophages, which reside in all organs. Studying the CNS as compared with other organs may carry advantages for distinguishing tissue-resident myeloid cells from infiltrating monocytes during disease, as there is virtually no background trafficking of monocytes in the CNS parenchyma of healthy animals.

In EAE, which models inflammatory aspects of MS ([@bib44]; [@bib34]), macrophages dominate the inflammatory infiltrates and their numbers correlate to EAE severity ([@bib20], [@bib21]; [@bib2]). However the cellular mechanisms by which macrophages promote disease progression are uncertain. Whether MiDMs or MDMs are functionally distinct and whether the two cell types differentially initiate demyelination or promote repair ([@bib39]) also remains elusive ([@bib4]). In MS autopsy tissues, prominent macrophage accumulation correlates with active demyelination ([@bib12]; [@bib41]). Based on kinetics of cell accumulation and differential marker expression, it's estimated that 30--50% of activated macrophages in active MS lesions derive from microglia ([@bib5]; [@bib42]). Therefore, differential functions of MDMs and MiDMs are relevant for human demyelinating disease.

To date, no research techniques have permitted distinction between monocytes and microglia in CNS tissue without irradiation chimerism or parabiosis, techniques that confound interpretation or impose practical limitations ([@bib1], [@bib2]; [@bib33]). When F4/80^+^ macrophages were isolated from CNS and analyzed by flow cytometry using cells from double-heterozygous *Ccr2*^rfp^::*Cx3cr1*^gfp^ mice with EAE, GFP was expressed by CD45^dim^/Ly6C^−^ microglia, whereas RFP was restricted to CD45^high^/Ly6C^+^ monocytes ([@bib35]; [@bib28]). These findings suggested an approach to clarifying distinct roles of MDMs and MiDMs in EAE based on differential expression of GFP and RFP reporters. Here, we use that strategy to extend previous findings and address the hypothesis that MDMs and MiDMs exert different functions in neuroinflammation. We detected detailed ultrastructural characterization of MDMs and MiDMs at EAE onset.

Unexpectedly, this approach provided insight into the cellular basis for autoimmune demyelination, which has remained obscure despite \>80 yr of study in the EAE model. Here we provide evidence that MDMs initiate demyelination, often at nodes of Ranvier. In contrast, phagocytic microglia appear relatively inert at disease onset. Results from expression profiling provided insight into mechanisms and signaling pathways underlying the disparate effector properties of MDMs and MiDMs in EAE. The distinct functions of tissue-resident myeloid cells as compared with infiltrating macrophages broadly underlie disease pathogenesis in manifold circumstances and also hold promise for innovative treatment strategies.

RESULTS
=======

In the CNS of mice of EAE, MDMs and MiDMs exhibit different accumulation kinetics
---------------------------------------------------------------------------------

The histological strategy in this study is shown in [Table 1](#tbl1){ref-type="table"}. At onset of EAE, two pools of CD11b^+^ mononuclear phagocytic cells (putative red MDMs and green MiDMs) predominated in spinal cord ([Fig. 1 A](#fig1){ref-type="fig"}), indicating that fluorochrome markers could be distinguished at this time point. Using cells isolated from *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ spinal cords at disease onset, flow cytometry demonstrated distinct expression of RFP and GFP by F4/80^+^/CD45^high^ MDMs and F4/80^+^/CD45^dim^ MiDMs, respectively ([Fig. 1 B](#fig1){ref-type="fig"}). Enumeration of cells recovered from cell sorting using F4/80^+^RFP^+^ as MDMs gate and F4/80^+^GFP^+^ as MiDMs gate indicated that MDMs and MiDMs showed equal numbers at disease onset when explosive MDM accumulation occurred. MiDM expansion began at peak ([Fig. 1 B](#fig1){ref-type="fig"}). At recovery, MiDMs were found near preonset numbers as MDM frequency continued to decline, which is compatible with previous studies ([@bib2]). Therefore, there were unequal numbers of MiDMs/MDMs before and after disease onset ([Fig. 1 B](#fig1){ref-type="fig"}). Morphological analyses and definitions of relations between myeloid cells and axoglial units were conducted at disease onset so that equal numbers of MDMs and MiDMs could be assayed and early events in the demyelinating disorder could be explored.

###### 

Histology analysis strategy

  Method                                                                                                                                  Purpose                                                                                                     Finding
  --------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Confocal analysis of 0.2 mm optical sections (*n* = 104 cells).                                                                         To distinguish MDMs (RFP^+^) from MiDMs (GFP^+^).                                                           MDMs and MiDMs can be distinguished by cell volume and primary processes.
  SBF-SEM inspection in 0.2 mm sections from 14 lesions, 7 mice at EAE onset.                                                             To detect MDMs and MiDMs in SBF-SEM using cell volume and process criteria.                                 Using criteria detected in the previous step, it is possible to distinguish MDMs and MiDMs in SBF-SEM images.
  SBF-SEM inspection of ultrastructure of MDMs and MiDMs.                                                                                 To detect ultrastructural characteristics of MDMs and MiDMs.                                                MDMs and MiDMs show characteristic ultrastructural differences regarding their mitochondria, nuclei, osmiophilic granules and microvilli.
  Quantification of relation of MDMs (*n* = 169) and MiDMs (*n* = 86) to axoglial units (*n* = 29 intact axons, 46 demyelinated axons).   To determine relationship of MDMs and MiDMs to axoglial units and characterize presence of myelin debris.   Most (55/75; 73%) axoglial units are contacted in limited fashion by MDMs and MiDMs. If one cell type is present (20/75 cells), it's nearly always (18/20 segments) MDMs.
  Reconstruction of 3D shape of four representative MDMs at axoglial units.                                                               To detect relationship of MDMs with axoglial units at EAE onset.                                            In all, 49 MDMs interacting with axoglial units in absence of nearby MiDMs, 2-3 MDMs were attached to each (*n* = 18) axoglial unit. MDMs have close relationship with nodes of Ranvier (7 MDMs /75 axoglial units). 3D reconstructions showed four representative MDMs at axoglial units: show one carrying out active demyelination, three at nodes of Ranvier.

![**MDMs and MiDMs exhibit different time courses of accumulation in the CNS of mice with EAE and morphological characteristics can distinguish them.** (A) Immunohistochemistry shows expression of CD11b for red RFP^+^ MDMs and green GFP^+^ MiDMs in the spinal cords of *Cx3cr1*^gfp/+^::*Ccr2*^rfp/+^ mice at EAE onset. Bars: 25 µm. We studied 6 mice at EAE onset from 3 EAE inductions. In each EAE induction, 8--10 mice were used and 2 mice were selected from each induction. (B) Flow cytometric analysis of CCR2-RFP^+^ and CX3CR1-GFP^+^ populations in cells gated for F4/80 expression (top); CD45 expression of F4/80^+^RFP^+^ MDMs and F4/80^+^GFP^+^ MiDMs populations (middle); and MDMs and MiDMs numbers at EAE onset, peak, and recovery (bottom). We studied 3 mice for naive groups; 12 for onset; 15 for peak; 13 for recovery from 5 EAE inductions. For each induction, 8--10 mice were used and 2--3 mice were selected at each time point (onset, peak, and recovery) for analysis. (C) Confocal microscopy assessment of myeloid cell morphology in lumbar spinal cord from mice at EAE onset. We studied 54 MDMs and 51 MiDMs of 5 EAE onset mice from 3 EAE inductions for (C--E); 2 sections/mouse; 4--6 cells/section; 8--12 cells /mouse. In each EAE induction, 8--10 mice were induced and 1--2 EAE onset mice were selected from each experiment. Bars, 25 µm. (D) Cell volumes of 500 µm^3^; surface areas of 1,000 µm^2^; primary process numbers ≤3 or ≥5; solidity3D of 0.4; and Formfactor3D of 0.3 discriminate between MDMs and MiDMs. (E) Model plot of cell volume against primary process number to distinguish MDMs (red symbols and pink area) from MiDMs (green symbols and green area).](JEM_20132477R_Fig1){#fig1}

Morphological features distinguish MDMs and MiDMs at EAE onset
--------------------------------------------------------------

Immunofluorescence staining for RFP and GFP in spinal cord at EAE onset showed that red MDMs exhibited elongated or spindle shape, whereas green MiDMs showed a process-bearing morphology ([Fig. 1 C](#fig1){ref-type="fig"}). Quantification in 3D reconstructions from 0.2-µm confocal z-stack images showed that MiDMs exhibited much larger size than MDMs along with multiple primary processes, which were sparse in MDMs ([Fig. 1 D](#fig1){ref-type="fig"}). Several 3D shape parameters also discriminated between MDMs and MiDMs ([Fig. 1 D](#fig1){ref-type="fig"}). We observed scant overlap of several values between MDMs and MiDMs ([Fig. 1 D](#fig1){ref-type="fig"}), and entirely nonoverlapping distributions for cell volume and primary processes ([Fig. 1 E](#fig1){ref-type="fig"}).

MDMs and MiDMs exhibit differentiating ultrastructural characteristics at EAE onset
-----------------------------------------------------------------------------------

We used confocal microscopy in 0.2-µm optical sections to correlate structural features of MDMs and MiDMs with RFP or GFP fluorescence, as a bridge to characterizing cells in 0.2 µm SBF-SEM images ([Table 1](#tbl1){ref-type="table"}). Using this approach ([Fig. 1 E](#fig1){ref-type="fig"}), MDMs and MiDMs were identified by estimating volume and counting primary processes. Volume estimations came from multiplying the midcell area by the number of sections in which the cell was identified. In electromagnetic (EM) images, quantitative analysis also demonstrated differentiating ultrastructural characteristics for mitochondria, nuclei, cytoplasmic osmiophilic granules and microvilli (unpublished data). MDMs had shorter, thicker mitochondria than MiDMs (unpublished data). Total mitochondrial numbers and volumes were equal in MDMs and MiDMs (unpublished data). MDMs had bilobulated or irregular nuclei, whereas MiDMs had round nuclei (unpublished data). MDMs, but not MiDMs, frequently contained osmiophilic granules and microvilli (unpublished data). Collectively, these ultrastructural features provided confirmatory ultrastructural characteristics to distinguish MDMs from MiDMs.

MDMs initiated demyelination at EAE onset
-----------------------------------------

Results from confocal and EM analysis yielded a secure basis for examining the relationships of MDMs and MiDMs to axoglial units at EAE onset (*n* = 7 mice; 14 lesions) using serial block-face scanning electron microscopy (SBF-SEM), as presented diagrammatically ([Table 1](#tbl1){ref-type="table"}). We quantified contacts made by MDMs (*n* = 169) and MiDMs (*n* = 86) with axoglial units (*n* = 75; [Fig. 2](#fig2){ref-type="fig"}), and observed that most (55/75; 73%) of all segments (both intact and demyelinated) contacted both MDMs and MiDMs ([Fig. 2](#fig2){ref-type="fig"}). Where only one myeloid cell type was present (20/75; 27%), nearly all axoglial units made contacts to MDMs ([Fig. 2](#fig2){ref-type="fig"}). In particular, 8/29 intact and 10/46 demyelinated axoglial units were contacted solely by MDMs. We found 2--3 MDMs attached to each of the 18/20 (90%) axoglial units where only MDMs were present ([Fig. 2](#fig2){ref-type="fig"}). More than half of all analyzed MDM and MiDM cells (*n* = 255 total) contained myelin debris, regardless of whether axon segments were intact or demyelinated ([Fig. 2](#fig2){ref-type="fig"}). Of the MDMs found in sole contact with axoglial units, virtually all (\>90%) MDMs contained myelin when found in sole contact with a demyelinated axon ([Fig. 2](#fig2){ref-type="fig"}). These findings motivated evaluation of relationships of MDMs to axoglial units by 3D reconstruction of SBF-SEM image stacks.

![**SBF-SEM shows MDMs initiating demyelination at EAE onset.** Quantitation of MiDMs and MDMs interacting with axoglial units in SBF-SEM images of CNS at EAE onset. Intact (69%) and demyelinated (76%) segments interacted with MDMs and MiDMs. Red and pink, MDMs; green and light green, MiDMs; yellow, both MDMs and MiDMs. We studied 29 intact axon segments, 46 demyelinated axon segments, 86 MiDMs, and 169 MDMs in 14 lesions of 7 EAE onset mice from 3 EAE inductions as follows: 8--10 mice were immunized at each experiment and 2--3 onset mice were selected from each induction.](JEM_20132477R_Fig2){#fig2}

MDMs frequently exhibited morphological characteristics suggesting an involvement in active demyelination. Reconstruction of one representative image stack shows MDMs with large intracellular myelin inclusions tightly encircling a partially demyelinated axon ([Fig. 3 A](#fig3){ref-type="fig"}). The myelin peeled away from the axon remained in continuity with a large myelin inclusion inside the MDMs ([Fig. 3 A](#fig3){ref-type="fig"}). Remaining myelin was undergoing vesicular breakdown ([Fig. 3 A](#fig3){ref-type="fig"}). In contrast, a nearby MiDM encompassed a large fragment of myelin debris ([Fig. 3 B](#fig3){ref-type="fig"}) and contacted the nearby MDMs ([Fig. 3 B](#fig3){ref-type="fig"}), but made minimal connection to the axoglial unit ([Fig. 3 B](#fig3){ref-type="fig"}). In our SBF-SEM data, only MDMs seemed to be implicated in active damage to myelin. These observations suggested that MDMs initiated demyelination at the onset of EAE.

![**SBF-SEM shows example of MDM-initiating demyelination at EAE onset.** (A) Representative MDMs encircles the axoglial unit. A myelin ovoid within an intracellular phagolysosome shows physical continuity with myelin remaining attached to an axoglial unit which is undergoing active demyelination. In serial images, disrupted myelin shows continuity from outside to inside the MDM. (B) Rotated view from B demonstrating MDM-extensive attachment to axoglial unit and MiDM nearby with limited attachment to axon. A, axon; m, myelin; c, cytosol; n, nucleus. Red, MDM cytosol; green, MiDM cytosol; yellow: nuclei; blue, myelin and myelin debris; gray, axoplasm; red line, MDM plasma membrane. We studied 14 lesions from 7 EAE onset mice from 3 EAE inductions as follows: 8--10 mice were immunized at each experiment and 2--3 EAE onset mice were selected from each induction. Bar, 2 µm.](JEM_20132477_Fig3){#fig3}

MDMs surrounded apposed and invaded nodes of Ranvier at EAE onset
-----------------------------------------------------------------

We analyzed axoglial units to examine the nature of contacts with myeloid cells. Unexpectedly, 7/75 (9%) of axoglial units demonstrated MDMs attached to nodes of Ranvier. In each case, the contact between MDMs and node appeared to be pathogenic. One representative monocyte surrounded a node of Ranvier with two microvilli interposed between myelin and axolemma near the paranode complex ([Fig. 4 A](#fig4){ref-type="fig"}). The axoglial unit appeared otherwise healthy and no myelin debris was found in the MDM cytosol. This observation suggested that initial MDM--axoglial contacts might occur at nodes of Ranvier. Further, we detected an intratubal ([@bib40]) MDMs with myelin debris interposed between compact myelin and axolemma near a node of Ranvier ([Fig. 4 B](#fig4){ref-type="fig"}). Additionally we identified an MDM apposed to a node of Ranvier and actively phagocytizing myelin ([Fig. 4 C](#fig4){ref-type="fig"}). At this node, paranode loops were disrupted and surrounded by MDM cytosol ([Fig. 4 C](#fig4){ref-type="fig"}), indicating likely involvement in damaging myelin near the node. No MiDMs contacted nodes of Ranvier.

![**MDMs surrounded, apposed, and invaded nodes of Ranvier at EAE onset.** (A) SBF-SEM images and 3D reconstruction of SBF-SEM images of MDMs with a node of Ranvier. White and black arrow: microvillus. (B) SBF-SEM images and 3D construction of intratubal MDMs with demyelinated axon and node of Ranvier. (C) SBF-SEM images and 3D reconstruction of an MDM with intracellular myelin debris apposed to a node of Ranvier. Red, MDM cytosol; yellow, nucleus; blue, myelin; gray, axoplasm. M, myelin; c, cytosol. red line, MDM plasma membrane. We studied 14 lesions from 7 EAE onset mice collected as follows: 8--10 mice were immunized at each induction and 2--3 EAE onset mice were selected from each immunization. Bar, 2 µm.](JEM_20132477_Fig4){#fig4}

Nodal pathology without demyelination at EAE onset in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice
-------------------------------------------------------------------------------------------

We interpreted our ultrastructural findings to indicate that MDMs recognized altered nodal structure and initiated demyelination at EAE onset. CCR2 is essential for monocyte recruitment to CNS tissues during immune-mediated inflammation ([@bib13]; [@bib22]; [@bib36]). To address the role of MDMs in demyelination at EAE onset, we investigated clinical characteristics in relation to node pathology and demyelination in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice in which MDMs were virtually absent from inflamed EAE tissues and replaced in large part by neutrophils ([@bib35]). We observed equivalent magnitude of weight loss in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ and *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice at preonset and onset stages of EAE, showing that CCR2 deficiency did not affect systemic inflammation in this model ([Fig. 5 A](#fig5){ref-type="fig"}). There was a moderate delay in disease onset ([Fig. 5 B](#fig5){ref-type="fig"}) and slight reduction in EAE onset severity ([Fig. 5 A](#fig5){ref-type="fig"}) in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice.

![**Nodal pathology without demyelination at EAE onset in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice.** (A) Magnitude of weight loss in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ and *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice at preonset and onset stages of EAE. Clinical score in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ and *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice at EAE onset stage. (B) Days at disease preonset and onset stages of EAE. We studied 28 *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice and 26 *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice for A and B. Data were collected from 12 EAE inductions in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice and 19 EAE inductions in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice as follows: 8--10 mice were immunized at each induction and 1--3 EAE recovery mice were selected from each immunization. \*\*, P \< 0.01; \*\*\*, P \< 0.001. (C) SBF-SEM imaging of MDMs with nodes of Ranvier phagocytosis in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice at EAE preonset. Pink, MDM cytosol; red arrow, myelin inclusion of MDM connecting to the node of Ranvier. We studied 3 tissues from 3 *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ EAE mice at preonset stage from 3 EAE inductions: 8--10 mice were immunized at each experiment and one EAE preonset mouse was selected from each induction. Bar, 2 µm. (D) SBF-SEM of disrupted nodes (black arrows) in preonset spinal cord tissues of *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice. Bar, 2 µm. (E) SBF-SEM of neutrophil is with myelin phagocytosis from internode at preonset stage of *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mouse. Blue, neutrophil cytosol. For D--E, we studied three tissues from three *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ EAE mice at preonset stage from 3 EAE inductions: 8--10 mice were immunized at each experiment and one EAE preonset mouse was selected from each induction. Bar: 2 µm. (F) Histochemical staining and with aurohalophosphate complexes (black gold staining) and quantification of demyelinated area of *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice and *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice. We studied 5 naive *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice, 5 naive *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice, 5 onset *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice, and 5 onset *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice from 3 EAE inductions as follows: 8--10 mice were immunized at each experiment and 1--2 onset mice were selected from each induction. \*\*, P \< 0.01. Bar: 250 µm.](JEM_20132477R_Fig5){#fig5}

SBF-SEM was used to evaluate nodal pathology, myeloid cell relations to axoglial units and demyelination at and before EAE onset. In three distinct tissues from individual *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice with EAE preonset, we found five MDMs attached to disrupted nodes of Ranvier. In an equivalent sample of EAE tissues from three *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice, only one MDM was found in contact with a node of Ranvier, despite the presence of disrupted nodes in proximity to neutrophils. One representative MDM from *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ tissue having concave nucleus ([Fig. 5 C](#fig5){ref-type="fig"}, left) had multiple intracellular myelin inclusions, one of which ([Fig. 5 C](#fig5){ref-type="fig"}, left middle) was physically connected to a myelin sheath ([Fig. 5 C](#fig5){ref-type="fig"}, right middle) at a paranode ([Fig. 5 C](#fig5){ref-type="fig"}, right), indicating active ongoing demyelination at a node of Ranvier. By distinct contrast, EAE onset tissues of *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice were characterized by nodal pathology often without cellular infiltrates ([Fig. 5 D](#fig5){ref-type="fig"}). In one instance, we detected a neutrophil abstracting myelin from the myelin internode ([Fig. 5](#fig5){ref-type="fig"}, left and right) despite a nearby disrupted node ([Fig. 5](#fig5){ref-type="fig"}, left) in tissues from a *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mouse. Importantly, there was no evidence for neutrophil recognition of disrupted nodes of Ranvier. We interpreted these observations to suggest that MDMs specifically recognized nodal components to initiate demyelination, and that absence of MDMs at disrupted nodes of *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice with EAE was caused by the virtual absence of infiltrating monocytes ([@bib35]).

To quantify the outcome of these ultrastructural differences, we monitored demyelination using histochemical staining with aurohalophosphate complexes at disease onset in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ and *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice. Demyelination was significantly reduced at EAE onset in CCR2-deficient mice ([Fig. 5 F](#fig5){ref-type="fig"}), indicating the importance of MDM recognition of disrupted nodes for efficient inflammatory demyelination. Furthermore, as nodal pathology was equivalent in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ ([Fig. 5 D](#fig5){ref-type="fig"}) and *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice at the preonset stage of EAE, the results suggested that inflammatory nodal disruption could be reversible if MDMs were prevented from initiating demyelination at those sites.

Expression profiling demonstrates differential MiDMs and MDMs gene expression across the time course of an EAE attack
---------------------------------------------------------------------------------------------------------------------

We reasoned that different phenotypes ([Fig. 1](#fig1){ref-type="fig"}) and effector properties ([Figs. 2](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"}) of MDMs and MiDMs should be reflected in distinct gene expression profiles in the dynamic CNS microenvironment during EAE. To address this hypothesis, nCounter digital multiplexed gene expression analysis ([@bib25]) was performed using directly ex vivo naive microglia and splenic F4/80^+^ macrophages (here termed monocytes and considered similar to microglia by expression profiling; [@bib15]), as well as flow-sorted MiDMs or MDMs across the time course of an EAE attack. Microglia and MiDMs clustered together during unsupervised hierarchical clustering, as did monocytes and MDMs ([Fig. 6, A and B](#fig6){ref-type="fig"}). In both MiDMs and MDMs, naive and recovery-stage expression profiles were more alike than were onset and peak-stage profiles ([Fig. 6, A and B](#fig6){ref-type="fig"}) suggesting a return to homeostasis at EAE recovery. We noted a subset of genes that were expressed in microglia and highly regulated in MiDMs during EAE, but not expressed at all in monocytes or MDMs ([Fig. 6, A and B](#fig6){ref-type="fig"}). Conversely, a subset of MDM-enriched genes were dynamically regulated in monocytes and MDMs but not in microglia ([Fig. 6, A and B](#fig6){ref-type="fig"}). MDM-enriched genes were sharply up-regulated from naive monocytes to onset and peak-stage MDMs ([Fig. 6 B](#fig6){ref-type="fig"}), descending toward naive levels during recovery ([Fig. 6 B](#fig6){ref-type="fig"}). In contrast, MiDM-enriched genes were strongly expressed in naive cells, almost uniformly silenced at onset, and began a return toward naive levels at peak and recovery ([Fig. 6 B](#fig6){ref-type="fig"}). Comparing MDM-enriched genes with MiDM-enriched genes showed that MDMs were more likely to express effector functions, including secreted factors and surface molecules (18/28; 64.3% of MDM-enriched genes encoded effector functions; [Fig. 6 C](#fig6){ref-type="fig"}; and [Table S1](http://www.jem.org/cgi/content/full/jem.20132477/DC1){#supp1}, purple genes). In contrast, only 18/48 (37.5%) of MiDM-enriched genes encoded effector functions ([Fig. 6 D](#fig6){ref-type="fig"}, Table S1, purple genes). These observations indicated that MiDMs and MDMs exhibited markedly distinct expression profiles during EAE.

![**Inflammatory signature in MiDMs versus MDMs in the CNS of *Cx3cr1*^gfp/+^::*Ccr2*^rfp/+^ mice with EAE.** (A) Quantitative nCounter expression profiling of 179 inflammation related genes was performed in CNS-derived GFP^+^ microglia and RFP^+^ recruited monocytes from naive and EAE mice at onset, peak and recovery stages. Each row of the heat map represents an individual gene and each column an individual group from pool of 5 mice at each time point. The relative abundance of transcripts is indicated by a color (red, higher; green, median; blue, low). For A--H, we studied five mice in each time point (onset, peak, recovery) from 3 EAE inductions; 8--10 mice were immunized in each induction. (B) Heat map of differentially expressed microglia and monocyte genes. (C) Enriched monocyte genes as compared with resident microglia. Bars represent fold changes of gene expression across naive and all disease stages versus resident microglia. (D) Enriched microglia genes as compared with recruited monocytes. Bars represent fold changes of gene expression across naive and all disease stages versus recruited monocytes. (E--H) K-means clustering of inflammation genes in resident microglia and recruited monocytes. K-means clustering was used to generate 5 disease stage--related clusters in MiDMs. Heat map (E) and expression profile (F) of inflammation genes in MiDMs are shown by generated clusters. MDM expression matrix overlaid on microglial based clusters shows (G) heat map and (H) expression profile.](JEM_20132477_Fig6){#fig6}

Differential expression of macrophage effector functions by MiDMs and MDMs
--------------------------------------------------------------------------

Our ultrastructural analysis of myeloid cells in EAE focused on myeloid cell relationships to tissue elements. Expression profiling also addressed the cytokine and growth factor output of MiDMs and MDMs, potentially providing insight into disease pathogenesis. We used k-means clustering to discriminate five distinct patterns of MiDM gene expression during the course of EAE ([Fig. 6, E and F](#fig6){ref-type="fig"}). The red, blue and green groups increased in MiDMs at onset, peak, and recovery, respectively. Red group genes involved several surface molecules. Green group genes, up-regulated at onset and transiently further up-regulated at peak, were comprised mainly of complement-system elements (*C3aR1*; *C4a*, *C1qa*, *C1qa*, *C3*, and *Cfb*); mononuclear cell--specific chemokines (*CCl2*, *3*, *4*, *5*, *7*, and *CXCL9*); proliferation related genes (*fos*, *jun*, *myc*, and *CSF1*); and acute inflammation--related genes (*IL1a*, *IL1b*, *TNF*, *CEBP*, *STAT1*). Cell growth--related genes expressed at this time point correlated to reported patterns of microglial proliferation during EAE ([@bib2]). Blue group genes up-regulated at recovery included heterogeneous cytokines (*IFN*-α, *IFN*-β, *TGFB3*, *IL2*, *IL3*, *IL4*, *IL12*α, *IL12*β, *PDGFA*, *CSF2*, and *CXCL2*). Both yellow group and golden group genes were strongly expressed in naive microglia, reduced drastically at onset, and either returned to preEAE levels during recovery (yellow) or failed to do so (golden). These genes included a large spectrum of intracellular signaling components from the MAP-kinase pathways, as well as *TGF*β and receptor, both of which are implicated in the naïve microglial phenotype ([@bib6]).

These five gene groups were also analyzed for MDM expression patterns during EAE ([Fig. 6, G and H](#fig6){ref-type="fig"}). None of the gene groups showed coordinate regulation patterns in MDMs, as were observed in MiDMs ([Fig. 6 H](#fig6){ref-type="fig"}). This observation underscored disparate responses of MiDMs and MDMs to the inflammatory CNS microenvironment of EAE, despite their being present in close proximity ([Fig. 1 A](#fig1){ref-type="fig"}).

Expression patterns at EAE onset in relation to MiDM and MDM function
---------------------------------------------------------------------

To determine whether gene expression patterns could be informative for understanding the relationships of cells to axoglial elements in tissues at EAE onset, we interrogated naive versus onset MDM and MiDM gene expression related to cellular functions ([Fig. 7](#fig7){ref-type="fig"}). MiDMs showed highly significant up-regulation of functions associated with cell movement, chemoattraction, and migration ([Fig. 7 B](#fig7){ref-type="fig"}). In the Ingenuity IPA database, the terms cell movement, chemoattraction, and migration indicated production of chemokines such as *CCL2*, *CCL3*, *CCL4*, *CCL5*, and *CCL7*, which are up-regulated at onset and further increased at peak ([Fig. 6, E and F](#fig6){ref-type="fig"}, green group and genes). In other respects, MiDMs exhibited a repressed metabolic and activation phenotype by comparison to naive microglia ([Fig. 7 B](#fig7){ref-type="fig"}) including proliferation, RNA metabolism, cytoskeletal organization, microtubule dynamics, extension of processes, phagocytosis and generation of reactive oxygen species.

![**Affected functions in MiDMs and MDMs at EAE onset.** nCounter inflammatory gene expression data were uploaded to IPA. Genes with fold change (EAE onset vs. Naive) ≥1.5 or ≤−1.5 were included in downstream effects analysis. (A) MDMs up-regulated functions, sorted by activation z-score. (B) MiDMs up-regulated (left) and down-regulated (right) functions, sorted by activation z score. The bias term indicates imbalanced numbers of up- and down-regulated genes associated with a distal function requiring significance at the P \< 0.01 level. We studied pooled samples from 5 mice in each time point (onset, peak, recovery) from 3 EAE inductions; 8--10 mice were immunized in each induction.](JEM_20132477R_Fig7){#fig7}

MDMs showed up-regulation of functions associated to macrophages, including phagocytosis, calcium signaling, production of prostanoids, adhesion, autophagy, and cell clearance ([Fig. 7 B](#fig7){ref-type="fig"}). This pathway analysis corresponded well to effector properties displayed by MDMs in our SBF-SEM analysis ([Figs. 2](#fig2){ref-type="fig"}--[4](#fig4){ref-type="fig"}). No functions were reported to be down-regulated in MDMs at EAE onset as compared with naive monocytes.

A comprehensive listing (Table S1) of all genes regulated by at least twofold in MiDMs or MDMs as compared with expression levels in naive mice affirmed and extended these interpretations. At EAE onset when SBF-SEM analyses were performed, MiDMs predominantly suppressed the distinctive gene expression pattern which correlates to their unique phenotype ([@bib8]), reflected by the observation that MiDMs down-regulated far more genes than were up-regulated (Table S1). In contrast, MDMs up-regulated far more genes than did MiDMs and up-regulated more transcripts than were down-regulated. Additionally, the extent of gene up-regulation in MDMs exceeded that seen in MiDMs.

MiDM and MDM gene expression kinetics reflected return toward homeostasis in recovery stage
-------------------------------------------------------------------------------------------

These expression profiles showed consonant changes for the vast majority of genes analyzed: if a gene was up-regulated at any time point, then its expression level showed an increase at other time points as well. However, a substantial minority of genes both for MDMs and MiDMs showed some dissonant time points, at which a previously down-regulated gene might show up-regulation (unpublished data). We show this subset of recovered genes in [Fig. 8](#fig8){ref-type="fig"}. In virtually every case ([Fig. 8, A--D](#fig8){ref-type="fig"}), these dissonant compensatory changes took place during recovery and almost always showed an increase in a gene that had been down-regulated during onset and peak. Both MiDMs ([Fig. 8 B](#fig8){ref-type="fig"}) and MDMs ([Fig. 8 D](#fig8){ref-type="fig"}) demonstrated this pattern of gene-expression kinetics.

![**Restoration of affected inflammatory genes in resident microglia and recruited monocytes at recovery stage.** For each gene, fold change of all different disease stages versus naive state were calculated. Genes that contained at least one fold change \>2 or \< 0.5 and average fold change for peak and onset \>2 or \<0.5 were presented. (A) Microglial up-regulated; (B) Microglial down-regulated; (C) monocyte up-regulated; (D) monocyte down-regulated. We studied pooled samples from five mice in each time point (onset, peak, recovery) from three EAE inductions; 8--10 mice were immunized in each induction. FC, fold change.](JEM_20132477R_Fig8){#fig8}

Convergent and divergent responses to upstream regulatory signaling by MiDMs and MDMs
-------------------------------------------------------------------------------------

Translation of observations made using expression profiles can be enabled through identification of upstream regulators. We used Ingenuity IPA software to identify putative upstream regulators of the gene expression alterations demonstrated by MiDMs and MDMs at disease onset. Putative regulatory elements were then grouped in signaling modules and subjected to pathway analysis. Cell motility pathways were clearly different in MiDMs and MDMs (unpublished data). Core elements such as *RhoA* ([@bib46]) were regulated divergently and associated signaling components were predicted to be enhanced in MDMs but depressed in MiDMs, consistent with our phenotypic characterization using SBF-SEM. Both HIF-1α ([Fig. 9 A](#fig9){ref-type="fig"}) and TNF pathways (not depicted) were also differentially regulated in MiDMs and MDMs. By contrast, type I IFN pathway ([Fig. 9 B](#fig9){ref-type="fig"}) was regulated virtually identically in MiDMs and MDMs. Collectively, these data suggest that HIF-1α and TNF signaling may partly drive pathogenic properties of MDMs. Additionally, these data indicated that the separate ontogeny of microglia and monocytes will lead, probably by epigenetic influences, to divergent responses to some but not all environmental stimuli, with phenotypic consequences according to the CNS microenvironment.

![**Function networks in MiDMs and MDMs.** nCounter inflammatory gene expression data were uploaded to IPA. Genes with fold change (EAE onset vs. Naive) ≥1.5 or ≤−1.5 were included in upstream regulators analysis. Predicted upstream regulators were manually curated to form functional clusters. Clusters were uploaded to IPA using Z scores as reference value for each gene. Networks were generated for each cluster consisting of uploaded genes and additional predicted molecules. (A) Typical example of functions with dissimilar activation pattern in MiDMs and MDMs: HIF1A. (B) Function with similar activation pattern in MiDMs and MDMs: Type I IFN. Red object denotes positive (\>2) z score and green object denotes negative (\<2) z-score. Orange object denotes predicted activation of the network object. Blue object denotes predicted inhibition of the network object. Predicted relationships (connecting lines): orange, leads to activation; blue, leads to inhibition; yellow, finding inconsistent with state of downstream molecule; gray, effect not predicted.](JEM_20132477_Fig9){#fig9}

DISCUSSION
==========

In this study, we developed a novel strategy to discriminate MDMs from MiDMs. We used SBF-SEM to address the detailed relationships of MiDM and MDM to axoglial units in the spinal cords of mice at EAE onset and expression profiling to examine potential mechanisms. Selection of the EAE disease model ensured that both recruited monocytes and resident microglia were exposed to the same intensely inflammatory environment to increase the likelihood that ambient conditions could activate these two myeloid cell types toward a convergent inflammatory phenotype. Instead, we found strikingly divergent relationships of MDMs and MiDMs to axoglial units, by quantitative and qualitative ultrastructural analysis. Results from expression profiling supported this interpretation by showing that MiDM metabolism was severely down-regulated, whereas expression profiles of MDMs reflected the activated phagocytic phenotype observed through SBF-SEM.

Several salient new observations emerged from these experiments. First, we showed that MDMs initiate demyelination at EAE onset, as MDMs were the overwhelmingly dominant cells found in isolation attached to axoglial units and demonstrated destructive interactions with myelinated axons in 3D reconstructions. Second, MDMs were unexpectedly observed at nodes of Ranvier in 9% of axoglial units and showed remarkably invasive behavior, including extension of microvilli ([Fig. 4 A](#fig4){ref-type="fig"}) or localization of cell soma ([Fig. 4 B](#fig4){ref-type="fig"}) between axolemma and myelin sheath. Our observed frequency of MDM--nodal interaction represents a minimum estimate as MDMs found at heminodes adjacent to a demyelinated segment ([Fig. 3 B](#fig3){ref-type="fig"}) were not scored. Comparison of *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ and *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice at and before EAE onset emphasized the importance of MDMs for this mechanism of demyelination. In particular, neutrophils in inflamed CNS of *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice did not recognize disrupted nodes. These observations are clinically pertinent: our detection of MDMs at nodes of Ranvier is consistent with recent reports of nodal pathology in clinical demyelinated tissues ([@bib14]; [@bib10]). The present observations extend this concept and provide a cellular basis for nodal pathology at the earliest stages of demyelination. Given the presence of potential phagocytic signals at nodes (antibodies to paranodal proteins such as contactin and neurofascins; [@bib27]); complement-derived opsonins ([@bib30]); and stress-induced eat-me signals ([@bib18]), it may be feasible to identify a direct molecular pathway for initiating demyelination in this model. Third, we characterized a molecular signature for resident microglia at EAE onset. Grouping of regulated genes into functional categories demonstrated a remarkable down-regulation of microglial metabolism at the nuclear, cytoplasmic and cytoskeletal levels.

In our initial experiments we found that the presence of myelin debris at the peak of EAE did not discriminate MDMs from MiDMs. We considered that SBF-SEM would exhibit advantages for spatial resolution ([@bib9]) required for characterizing relationships of myeloid cells to axoglial units during the inflammatory demyelinating process at EAE onset. To take advantage of this technique we developed methods based on cell volume and process number ([Fig. 1 E](#fig1){ref-type="fig"}), to distinguish MDMs from MiDMs in 0.2-µm confocal optical sections, and translated this approach directly to SBF-SEM image sets at 0.2-µm intervals. We also noted differential nuclear morphology, mitochondrial shape, and osmiophilic granule content between MDMs and MiDMs. These characteristics of MDMs and MiDMs may not be universally present in other pathological circumstances but demonstrate an approach to ultrastructural distinction of myeloid cell populations in tissue sections.

Gene expression profiling across the time course of EAE yielded intriguing kinetics as analyzed by k-means clustering. Five patterns were observed. Red group genes (increased at onset) comprised the smallest number and involved several surface molecules: *CCR1*, *CCR7*, *CXCR2*, and *CD40*. Of these, *CCR7* and *CD40* have been reported on activated microglia, including those observed in MS tissue sections ([@bib24]; [@bib38]). GAPDH was up-regulated in MiDMs at onset. Although often regarded as a housekeeping gene, GAPDH is found in complexes that limit the translation of inflammatory gene transcripts in activated mouse macrophages ([@bib29]; [@bib3]). As previously reported ([@bib8]), MiDM gene expression during the course of EAE did not correspond to the M1/M2 pattern of peripheral macrophage responses to infection or tissue injury. Microglial morphological transformation can be relatively uniform regardless of the inflammatory process that provokes it. Despite this apparent uniformity, gene expression by morphologically identical microglia can differ drastically contingent on context ([@bib31]).

Unsupervised hierarchical clustering provided insight into gene expression patterns of MDMs and MiDMs. Naive and recovery patterns were similar for both cell types. At disease onset, microglia showed drastic down-regulation of the expression profile observed in cells from healthy brain. Brisk microglial proliferation ([@bib2]) may have accelerated a gradual return toward a homeostatic expression profile, as suggested by MiDM up-regulation of *fos*, *jun*, *myc*, and *CSF1* ([@bib43]) at disease onset. By striking contrast, MDMs up-regulated a large suite of inflammation-associated genes at EAE onset, with subsequent regression to the expression phenotype of circulating monocytes.

Blood monocytes and resident microglia were exposed to the same inflammatory environment. However, their preEAE states were extremely distinct, with monocytes being generated from a bone marrow progenitor within weeks of entry into CNS, whereas microglia originated during early embryogenesis and had inhabited a serum-free unique environment from midgestation. In a recent study, we characterized resident microglia by profiling mRNA, miRNA, and protein in comparison with infiltrated brain macrophages, nonmicroglial resident brain cells, and peripheral macrophages ([@bib6]). The detailed profiling after separating cells via CD45^dim^ status showed distinct mRNA, miRNA, and protein expression by microglia as compared with infiltrating monocytes or neuroepithelial brain cells ([@bib6]). The study described transcription factors and miRNAs characteristic of microglia in healthy brain but not in peripheral monocytes. These findings partially explain a divergent response of these two cell types to the same stimuli ([@bib6]).

The strength of the study is that the dual reporter system is sufficient to accurately distinguish monocyte versus microglial cells and thus to address the general concept that monocytes and microglia can exert differential functions in a CNS disease process. At the onset of EAE, the time point at which our imaging studies were focused, we are able to make an unequivocal distinction between resident microglia (CX3CR1^gfp^) and infiltrating monocytes (CCR2^rfp^). Two empirical observations underline this discrimination: microglia are uniformly CX3CR1^+^ from early embryonic time points through adulthood ([@bib7]; [@bib16]; [@bib37]), and CCR2^+^Ly6C^+^ cells constitute the vast majority of infiltrating monocytes at EAE onset ([@bib35]; [@bib28]).

There were unavoidable limitations of our research; specifically, to address how monocytes and microglia respond to a shared microenvironment, we focused on a single, pathogenically relevant time point: onset of EAE. For this reason, it was beyond the scope of our study to decipher the phenotypic fate of infiltrated monocytes. In peripheral models of inflammation, Ly6C^hi^/CCR2^rfp^ monocytes down-regulate the reporter over time and show phenotypic evolution. Furthermore, our conclusions should not be generalized beyond the present disease paradigm: in other models, such as spinal cord contusion, the inflammatory infiltrate includes Ly6C^low^/CX3CR1^gfp^ monocytes, which are highly pathogenic ([@bib11]). Our findings carry biological and medical significance by demonstrating and characterizing differential responses of infiltrating monocytes and resident microglia in a relevant disease model at a prespecified time point, at which point pathogenic events are taking place. Therefore, we focused our analysis on the day of EAE onset rather than subsequent events to challenge our overall hypothesis that infiltrating monocytes versus resident microglia respond very differently to acute inflammatory stimuli.

Activated myeloid cells are the proximate effectors of a bewildering array of acute and chronic disorders ([@bib45]). The technical and conceptual approach taken in this study may be applicable to other tissues and disease processes. In many pathological conditions, tissues harbor a mixed population of activated resident and recruited monocytes. The therapeutic strategy will differ conclusively based on the specific effector properties of each cell type and the stage of disease. In particular, if monocytes are pathogenic, then their trafficking should be blocked using a peripherally active agent. The optimal application of agents that regulate leukocyte migration and intracellular signaling will be promoted by detailed examination of each individual myeloid population.

MATERIALS AND METHODS
=====================

### Mice.

C57BL/6 mice were obtained from the National Cancer Institute. *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice were generated by crossbreeding *Ccr2*^rfp/rfp^::C57BL/6 mice ([@bib35]) with *Cx3cr1*^gfp/gfp^::C57BL/6 mice ([@bib23]). *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/gfp^ mice were generated by breeding *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice. *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice were generated by crossbreeding *Ccr2*^rfp/rfp^::C57BL/6 mice with *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/gfp^ mice. Animal experiments were performed according to the protocols approved by the Institutional Animal Care and Use Committee at the Cleveland Clinic following the National Institutes of Health guidelines for animal care.

### EAE induction and clinical evaluation.

EAE was induced in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice and *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice of 24--28 wk of age using myelin-oligodendrocyte-glycoprotein peptide 35--55 (MOG) as previously described ([@bib19]). All mice were weighed and graded daily for clinical stages as previously reported ([@bib35]). We defined clinical stage of EAE as follows: pre-onset was the day sudden weight loss for 8--10% occurred; onset was the day EAE signs appeared; peak was the second day score didn't increase after sustained daily worsening; and recovery was the second day score didn't decrease after a period of sustained daily improvement.

To address our research questions, we integrated flow cytometry, immunohistochemistry with quantitative morphometry, cell sorting for expression profiling, and serial block-face scanning electronic microscopy. In all, we performed 12 EAE immunizations in *Ccr2*^rfp/+^::*Cx3cr1*^gfp/+^ mice and 19 immunizations in *Ccr2*^rfp/rfp^::*Cx3cr1*^gfp/+^ mice for this project, with 8--10 mice in each immunization. We selected EAE mice at onset, peak or recovery depending on the specific studies underway at that time, with the majority of mice coming from the onset stage of EAE. Each experiment incorporated samples from at least three separate immunizations. Details of mouse numbers and how they were selected for each experiment were included in the figure legends as requested.

### Cell isolation and flow cytometry.

Brains and spinal cords were removed and homogenized. Mononuclear cells were separated with a 30%/70% Percoll (GE Healthcare) gradient as previously reported ([@bib32]). Single-cell suspensions from CNS were stained with anti--F4/80-APC (BM8; eBioscience) and anti--CD45-PerCP (30-F11; BioLegend). Cells were either analyzed on a LSR-II (BD) or sorted on a FACSAria II (BD) running Diva6. Data were analyzed with FlowJo software (Tree Star).

### Histological and immunohistochemical analysis.

Spinal columns were removed after mice were perfused with 4% paraformaldehyde (PFA). For immunofluorescence assay, free floating sections of the lumbar spinal cord were prepared as previously described ([@bib19]). For immunofluorescence assay, sections were blocked with 10% normal serum for 2 h and stained with primary antibodies at 4°C for 24--48 h. After washing with PBS-T (PBS with 0.1% Triton X-100; Sigma-Aldrich) three times, the sections were incubated with secondary antibodies at room temperature for 2 h and mounted in ProLong Gold antifade reagent (Invitrogen). Antibodies used include rat anti-CD11b (BD), mouse anti-GFP (Abcam), rabbit anti-RFP (Abcam), Alexa Fluor 488 goat anti--mouse IgG (Invitrogen), Alexa Fluor 594 goat anti--rabbit IgG (Invitrogen), and Alexa Fluor 647 goat anti--rat IgG (Invitrogen). Nuclei were labeled by DAPI. Images were collected by confocal laser-scanning microscope (SP5; Leica).

### Quantitative 3D morphology.

Quantitative 3D morphology of MDMs and MiDMs was analyzed in confocal images from spinal cord of mice at EAE onset. Free floating sections of the lumbar spinal cord were stained with RFP for MDMs, GFP for MiDMs, and DAPI for nuclei. Stack images were taken at 0.2-µm step size along the z-direction with a 63× objective (numerical aperture \[NA\] = 1.4) and zoom factor 2. A square (1024×1024 pixels) corresponding to 123 × 123 µm^2^ was used for the analysis. Cells were 3D reconstructed by ImageJ software and all analyses were performed using ImageJ with 3D Convex Hull plugin. The parameters analyzed include voxel (volumetric pixel), convex voxel, volume, convex volume, surface, and convex surface area. Other calculated parameters were: Solidity3D = volume/convex volume; Convexity3D = convex surface area/surface area; Formfactor3D = $\sqrt[3]{{\text{36}\pi \times \text{volume}^{\text{2}}}/{\text{surface\ area}^{\text{3}}.}}$ The number of primary processes was estimated visually. We included 5 mice, 54 MDMs; 51 MiDMs in this assay with 2 sections/mouse, 4--6 cells/section and 8--12 cells/mouse. Those mice came from three EAE inductions.

### SBF-SEM.

Spinal cords were removed after mice were perfusion-fixed using 4% PFA with 1% glutaraldehyde. Lumbar spinal cord sections were made on a vibratome (Leica). Sections were stained with 0.4% OsO~4~, uranyl acetate and lead aspartate, then embedded in epon resin (Electronic Microscopy Sciences). SBF-SEM images were acquired using a Sigma VP SEM (Carl Zeiss) with 3View (Gatan). Serial image stacks of images at 100-nm steps were obtained by sectioning 48 × 48 × 20 µm^3^ tissue blocks (length × width × depth) at a resolution of 8192 × 8192 pixels. Image stacks were processed for 3D reconstruction by TrakEM2 in FIJI software (National Institutes of Health). Alternating sections from the same stacked images were chosen to make stacks for 3D reconstructions which matched the 0.2-µm step size used for acquiring confocal stacked images. In SBF-SEM images, we discriminated MDMs and MiDMs using the volume/primary processes model ([Fig. 1 E](#fig1){ref-type="fig"}) generated from analyzing confocal images. Quantifications of myeloid-cell spatial relationships to axoglial units, including myelin incorporation, were done in SBF-SEM images.

### Quantification of nuclei and mitochondria.

Characterizations of nuclear shapes were conducted in SBF-SEM images. Nuclei were categorized as follows: round, round shape and smooth surface with ratio of length/width ≤1.5; elongated, elongated or oval shape with length/width \>1.5, and may have small indentations; Bilobulated: two connected lobes with single intervening large indentation; Irregular: complicated shape with corrugated surface, and may have multiple and variable sizable indentations. Blinded observers (*n* = 3) scoring the nuclear morphology from SBF-SEM images included a research student, a research fellow and a neuroscientist. Observers were trained on the same nuclear examples in each category and practiced using 20 nuclei comprising all shapes before scoring the nuclei. Kappa test showed good pairwise agreement rates among observers (\>0.8) and the data from the neuroscientist are used. Quantifications were done in 3 individual mice from 3 EAE inductions including 28--35 cells from two separate lesions from each mouse in the assay.

Mitochondria of MDMs and MiDMs at EAE onset were reconstructed from SBF-SEM images to 3D images using TrakEM2. 5 MDM and 5 MiDM cells from 3 separate mice at EAE onset (total 10 cells) were included in the assay. Those mice came from 3 EAE inductions. Mitochondria were quantified for length, cross-sectional area, volume and ratio of length/cross-sectional area using Fiji software.

### Quantification of demyelination.

Black-gold staining was performed according to a protocol described previously ([@bib26]). In brief, 5 free floating lumbar spinal cord sections were stained in 0.2% black-gold solution at 65°C water bath for 10 min. After staining with black-gold, sections were pictured by 3-CCD video camera interfaced with an Image-Pro Plus Analysis System (Version 4.1.0.0; MediaCybernetics) and analyzed with ImageJ software. Demyelinated areas are those void of black-gold staining. Mean percentage of demyelinated areas in white matter were calculated. We included 5 mice from 3 EAE inductions in this assay.

### Statistical analysis of cellular elements.

Statistical analyses were performed using SAS (SAS Institute Inc.), PRISM (GraphPad Software) and SPSS 17.5 (SPSS Inc.). Flow cytometry data were analyzed by two-way ANOVA test and Wilcoxon matched-pairs signed rank test. Nuclear shape quantifications were compared by paired Student's *t* tests and logistic regression. Mitochondrial quantifications were compared by Mann-Whitney *U* test and linear mixed model. Quantitative relationships of myeloid cells to axoglial units were compared using logistic regression with generalized estimating equations (GEE). Clinical characteristics of EAE mice were analyzed using two-way ANOVA test with Bonferroni post test. Percentage of demyelination was compared by Student's *t* test. Data were shown as mean ± SEM or median (the first quartile--the third quartile) and P \< 0.05 was considered statistically significant.

### Gene expression.

Mononuclear cells were prepared from brains and spinal cords as described previously. Cells were sorted on a BD FACSAria II by gating on F4/80^+^GFP^+^ for MiDMs and F4/80^+^RFP^+^ for MDMs. RNA was isolated from FACS-sorted cells mixed from three mice from six EAE inductions per data point in TRIzol Reagent (Ambion) according to manufacturer's protocol. RNA samples were analyzed by nCounter gene expression analysis and quantified with the nCounter Digital Analyzer (NanoString Technologies). Expressions of 179 genes were analyzed using nCounter GX Mouse Inflammation kit.

### Nanostring data normalization.

Normalization was conducted with nSolver Analysis Software1.1. Data were normalized using positive and negative controls and housekeeping genes probes. Background level was calculated for each sample as mean of negative control probes + (x2 SD). Calculated background was subtracted from each gene expression value. In cases where the calculated value was \<1, values were set to 1.

### Hierarchical and k-means clustering analysis.

Hierarchical cluster analysis was performed using Pearson correlation for distance measure algorithm to identify samples with similar patterns of gene expression. MiDM samples expression data were used in k-means clustering using Pearson correlation for distance measures (Multi Experiment Viewer v. 4.8).

### IPA (Ingenuity) analysis.

Data were analyzed using IPA (Ingenuity Systems). Differentially expressed genes (EAE onset MiDMs versus naive microglia and EAE onset MDMs versus naive splenic monocytes) were used in downstream effects and upstream regulators analyses. Uploaded dataset for analysis were filtered using cutoff definition of 1.5-fold change. Level of confidence for analysis was set to high-predicted and experimentally observed.

### Terms used in IPA analyses.

The p-value is a measure of the likelihood that the association between a set of genes in the uploaded dataset and a related function or upstream regulator is due to random association. The smaller the p-value, the less likely it is that the association is random and the more significant the association. In general, P \< 0.05 indicate a statistically significant, nonrandom association. The p value of overlap is calculated by the Fisher's Exact Test.

The activation z-score is a value calculated by the IPA z-score algorithm. The z-score predicts the direction of change for a function or the activation state of the upstream regulator using the uploaded gene expression pattern (upstream to the function and downstream to an upstream regulator). An absolute z-score of ≥2 is considered significant. A function is increased/upstream regulator is activated if the z-score is ≥2. A function is decreased/upstream regulator is inhibited if the z-score ≤-2.

The bias term is the product of the dataset bias and the bias of target molecules involved in a particular function annotation or upstream regulator activity. A biased dataset is one where there is more up- than down-regulated genes or vice versa. The dataset bias is constant for any given analysis and the function/upstream regulator bias is unique for each upstream regulator/function. When the absolute value of this term is 0.25 or higher, then that function/upstream regulator's prediction is considered to be biased and the Fisher's exact p-value must be 0.01 or lower for the analysis to be considered significant.
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